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============

Wireless communications are essential in buildings for many reasons, including internet of things (IOT) applications. However, the materials used in buildings do not enable good propagation of wireless signals within and in and out of buildings. This deficiency is a reality for antennas in air and for antennas embedded in building materials. With increasing interest to use such embedded antennas in building materials for concrete health monitoring^[@CR1],[@CR2]^, wireless powering of embedded sensors^[@CR3]^ and radio-frequency identification (RFID) applications^[@CR4]^, investigations have been conducted to study the effects of building materials on electromagnetic (EM) propagation. It is known that common building materials, such as concrete, gypsum and plaster, have high shielding effectiveness (SE) values. Direct measurements^[@CR5],[@CR6]^, and analysis using finite-difference time-domain (FDTD)^[@CR7]^, and method of moments (MOM)^[@CR8]^ techniques show that building materials have more than 80 dB to 100 dB of SE. One way to improve the performance of concrete is by adding magnetic and/or conductive particles into the cement mix. Historically, the addition of particles in concrete focused on the need to dispose of industry residues (an environmental aspect), and existing studies of this composite material with additions of magnetic and/or conductive particles have been restricted to concrete performance and durability^[@CR9]--[@CR12]^, not applying their use for enhancing the EM properties of the concrete structure for embedded antennas to date. Furthermore, the use of conductive concrete for EM applications to date has been focusing on improving the SE of concrete. Previous work developed conductive concrete for EM applications using carbon fibers in polymer concretes^[@CR13]^, and electro conductive concrete^[@CR14]^ with mortar blocks for frequencies from 30 MHz to 5 GHz to improve the SE of materials. The SE achieved are 65 dB at 500 MHz, 75 dB at 1 GHz, and 95 dB at 1.5 GHz. Other researchers used different concrete mixtures with steel and carbon fibers, and different grades of carbon powder, achieving an SE of 52 dB at 1 GHz^[@CR15]^, or using concrete mixtures with carbon fibers attaining a SE of approximately 20 dB to 30 dB between the frequencies of 1 GHz and 2 GHz^[@CR16]^. In this work, we proposed adding iron-based magnetic particles in cement paste to improve the EM properties of concrete for embedded antennas. Two types of particles of two different sizes were added to a cement paste with an embedded metaresonator antenna array to simulate embedded wireless applications. As a result of an improvement in the electrical properties of the heterogeneous medium, we observed for all samples 1) an increase in the bandwidth of the embedded antenna compared to the antenna in air and 2) a shift in the resonance frequency that was smaller than that of an antenna in cement paste alone. In the analysis of the effects that different sizes of iron-based particles have on the antennas, it was observed that the cement paste enhanced with the addition of micro-sized particles while increasing the bandwidth was able to maintain the general shape of the *S* ~11~ curve of the antenna compared to other samples and the control. In addition, for the intended WiFi spectrum, cement paste samples containing micro-sized iron (III) oxide improved the transmission coefficient of the antenna by as much as 10 dB.

Results {#Sec2}
=======

Effects on reflection coefficient {#Sec3}
---------------------------------

Figure [1](#Fig1){ref-type="fig"} shows the measured reflection coefficient, *S* ~11~, of the antenna in cement paste only (solid black line) and in other cement pastes enhanced with particles. As there were slight deviations in the performance of each antenna, the *S* ~11~ of one sample antenna measured in air medium (solid gray line) is shown as a reference. The frequency range (between the two vertical dashed lines) represents the intended WiFi spectrum. When an antenna was embedded in cement paste only (the solid black line), the behavior of the antenna was changed significantly. At the designed frequency of 2.442 GHz, the *S* ~11~ moved by −13 dB. Within the 2 GHz to 3 GHz bandwidth, there was no noticeable resonance, although in general, the *S* ~11~ value is lower than −10 dB. This finding demonstrates that the impedance of the antenna was not well-matched throughout this bandwidth. To improve the performance of an embedded antenna, four types of iron-based magnetic particles were added to the cement paste mix: 1) micro-sized magnetite (solid red line), 2) nanosized magnetite (dashed red line), 3) micro-sized iron (III) oxide (solid blue line), and 4) nanosized iron (III) oxide (dashed blue line). Table [1](#Tab1){ref-type="table"} summaries the effects that the different particles had on the antenna. The change in *S* ~11~ (in dB) and frequency shifts (in percentage, where a positive value indicates a shifting to higher frequencies, and a negative value indicate a shifting to lower frequencies) are compared to the measurement of the antenna in air. The change in *S* ~11~ is taken as a decrease of the lowest *S* ~11~ value within the 2 to 3 GHz frequency range of the antenna measured before and after embedding into the cement paste.Figure 1Comparison of *S* ~11~ of antenna array in air, and other cement paste enhanced particles from 2 to 3 GHz. Table 1Effects of media on *S* ~11~ and resonance frequency.Sample typeChange in *S* ~11~ (dB)Frequency shift (%)Cement paste only (Control)−2.0123.20Cement paste with micro-sized magnetite particles−17.26−3.87Cement paste with nanosized magnetite particles−6.193.66Cement paste with micro-sized iron oxide particles−19.2812.20Cement paste with nanosized iron oxide particles−9.078.35

For the cement paste only sample (the control), the *S* ~11~ value decreased by 2.01 dB compared to the measurement for the antenna in air. As there was no noticeable dip in the *S* ~11~ within the 2 to 3 GHz range, the lowest point of the *S* ~11~ at 3 GHz was taken as the resonance frequency for comparison purposes. For cement paste enhanced with nanosized particles, it was observed that both magnetite and iron (III) oxide containing samples cause the *S* ~11~ values to decrease by 6.19 dB and 9.07 dB, respectively. For cement paste enhanced with micro-sized particles, the magnetite and iron (III) oxide containing samples caused the *S* ~11~ values to decrease by 17.26 dB and 19.28 dB, respectively. Comparing the samples with different types of particles, the samples containing iron (III) oxide particles showed a decrease in the *S* ~11~ larger than samples containing magnetite particles, promoting a better performance of the embedded antenna. Comparing the samples with different particle sizes, the addition of micro-sized particles was able to lower the *S* ~11~ of the embedded antenna to be even better than the sample reference antenna measured in air. This shows that when an antenna was embedded into a cement paste containing micro-sized magnetic iron-based particles, the *S* ~11~ value was significantly better than just the antenna in air. Conversely, although cement pastes with nanosized magnetic iron-based could lower the *S* ~11~ of the antennas, they were not able to significantly improve this performance such that the general results were not better than just the antenna in air. In all samples, the *S* ~11~ was reduced by less than −10 dB within the intended WiFi bandwidth. A reading of −10 dB or less indicates a sufficient performance of the antenna where at least 90% of the input power is delivered to the antenna, and 10% is reflected.

Observing the shift in resonance frequency, assuming the resonance frequency of the control sample at 3 GHz (lowest value within the test spectrum), the shift in frequency is 23.2%. For the cement paste with magnetite particles sample, the shifts in frequency is −3.87% and 3.66% for micro-sized and nano-sized particles respectively. Compared with the cement paste with iron (III) oxide particles samples, the shift is 12.20% and 8.35% for the micro-sized and nanosized particles respectively. In general, other than the cement paste with micro-sized magnetite particles, the other three cement paste samples with particles had their resonance frequencies shifted to higher frequencies. In terms of the magnitude of shifting, the samples with iron (III) oxide had their resonance frequencies shifted more than those of the magnetite samples, with the cement paste sample with micro-sized iron (III) oxide shifting towards higher frequency the most. A small shift in frequency shows that the material had little detuning effect on the antenna.

When observing the shape of the *S* ~11~, it can be noted that the cement paste samples with micro-sized particles maintained the general shape of the *S* ~11~ curves with a single distinct resonance frequency. The cement pastes with nanosized particles exhibited two resonance frequencies, altering the single resonance frequency shape of the antenna. In terms of bandwidth, both cement pastes with micro-sized particles increased the bandwidth, with magnetite particles having a larger effect than iron (III) oxide. For the nanosized particles, the double dip shape also had an increased bandwidth when compared to the bandwidth of the reference antenna in air.

From the observations of the *S* ~11~ of the different samples, adding iron-based magnetic particles had a positive effect on the embedded antenna. The cement paste samples with micro-sized particles had a better effect than the cement pastes with nanosized particles on the antennas in terms of the decrease in *S* ~11~, bandwidth, and the shape of the *S* ~11~ curve.

Effects on transmission coefficient {#Sec4}
-----------------------------------

Figure [2](#Fig2){ref-type="fig"} shows the measured transmission coefficients of the samples taken between 2 and 3 GHz. The frequencies between the two vertical dotted lines indicates the WiFi spectrum. A reference measurement of the sample antenna used (the solid gray line) is shown to indicate the performance of the antenna in air (not embedded). At the intended frequency range of WiFi, the *S* ~21~ has a range of −30 dB to −37 dB. When the antenna was placed in a cement paste only (the solid black line), the *S* ~21~ was reduced by approximately 16 to 20 dB. This shows that the amount of EM radiation that can pass through into the cement paste was significantly reduced. Focusing on the WiFi spectrum (within the 2 vertical dashed lines), when the antenna was placed in a cement paste with iron-based magnetic particles, most of the *S* ~21~ curves improved except from 2.41 GHz to 2.46 GHz for the cement paste sample with micro-sized magnetite particles. Both cement pastes with nanosized particles had the same behavior in this range. For cement pastes with iron (III) oxide particles, the improvement of the *S* ~21~ curve was the largest. From Table [2](#Tab2){ref-type="table"}, which shows a summary of the *S* ~21~ within the WiFi spectrum, the cement paste with micro-sized magnetite produced the least improvement, with certain frequencies performing worse than the control sample (cement paste only). On the other hand, the cement pastes with iron (III) oxide sample presented the most improvement (up to 10.33 dB), observed at Channel 13 (2.472 GHz) of the WiFi band. This finding shows that by enhancing the cement paste with iron-based magnetic particles, the amount of EM radiation passing through the material increases compared to cement paste alone.Figure 2Comparison of *S* ~21~ of antenna array in air, and other cement paste enhanced with particles from 2 to 3 GHz. Table 2Effects of media on *S* ~21~ within WiFi spectrum.\*Sample type*S* ~21~ (dB)Change in *S* ~21~ (dB)Channel 1Channel 13Channel 1Channel 13Cement paste only (Control)−46.47−54.21------Cement paste with micro-sized magnetite particles−53.23−49.46−6.764.75Cement paste with nanosized magnetite particles−45.1−49.351.374.75Cement paste with micro-sized iron oxide particles−40.49−43.885.9810.33Cement paste with nanosized iron oxide particles−45.2−49.521.274.69

For frequencies lower than Channel 1 of WiFi (the left hand region of the left vertical dashed line), samples containing iron (III) oxide particles showed a better effect on *S* ~21~ compared to the control and samples with magnetite particles. At frequencies higher than Channel 13 of WiFi (the right hand region of the right vertical dashed line), samples with nanosized magnetite particles showed a poor effect on *S* ~21~ compared to the other samples.

Discussion {#Sec5}
==========

Changing the medium surrounding an antenna changes its behavior due to the different characteristic impedances. The material of the antenna form capacitors and/or inductors which are coupled to its surrounding medium. Any metallic, magnetic, and/or dielectric material in the near field affects these inductive and capacitive values. When discussing small resonant antennas, such as metaresonators, the quality factor is important, as they typically have a small bandwidth, *Bw*. The quality factor provided by the Chu-limit^[@CR17]^ is given as$$\documentclass[12pt]{minimal}
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In general, the quality factor^[@CR18]^ can be written as$$\documentclass[12pt]{minimal}
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Therefore, to lower the *Q*, it is possible to load the antenna with materials that have lower relative permittivity, $\documentclass[12pt]{minimal}
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                \begin{document}$${\mu }_{r}$$\end{document}$. From the results obtained, the *Q* is decreased as the *BW* increased for all four samples. The cement paste containing micro-sized iron-based magnetic particles improve the *BW* of the antenna by a larger extend while maintaining the shape of the *S* ~11~ curve. Among the two cement pastes with micro-sized particles samples, iron (III) oxide had a better effect on *S* ~21~ for frequencies between 2 to 2.54 GHz, which suggests that more EM waves are passing into the sample. Within the intended WiFi spectrum, the cement paste with micro-sized iron (III) oxide particles allows the most EM waves to penetrate into the sample.

Methods {#Sec6}
=======

Two types of particles were used: magnetite and iron (III) oxide. Since the particle size has an influence on the properties of the enhanced cement paste, two different size ranges (micro- and nanometer sized) were accessed. Details of the particles used are listed in Table [3](#Tab3){ref-type="table"}. To simulate the embedded antenna in cement paste, metaresonator antenna arrays (see Fig. [3](#Fig3){ref-type="fig"})^[@CR19],[@CR20]^ are inserted in the center of the samples. Three cubic samples of 8 × 8 × 8 cm were produced for each mix with different particles, and cement paste alone as a control, illustrated in Fig. [4b](#Fig4){ref-type="fig"}. The samples labeling followed the nomenclature of (type of particle)-(size of particle), where the type of particle can be magnetite (MAG), iron oxide (IOX), or control (CON); and the size of the particles can be micro- (M) or nanosized (N). Ordinary Portland cement was used with a water/cement ratio of 0.35 and 0.5 weight % of particles. A superplasticizer was used at 260 *ml*/100 *kg* of cement to improve the workability. Figure [4a](#Fig4){ref-type="fig"} shows the metaresonator array with coaxial radio frequency (RF) cables soldered onto the feed points of the antenna. The cables extended of the samples (see Fig. [4c](#Fig4){ref-type="fig"}) for measurements. The samples were cured for 3 days, after which the data presented in this study were acquired. While the samples were cured for 3 days, the effect of longer curing period has been studied, and the results are given in the Supplementary Material. A N5242A PNA-X network analyzer was used to measure the *S* ~11~ of the samples via a coaxial cable, and a reference antenna was connected to another port to measure the *S* ~21~ parameter. The experimental setups are shown in Fig. [5](#Fig5){ref-type="fig"}. *S* ~11~ is measured with antenna embedded in cement paste samples connected to port 1 (see Fig. [5a](#Fig5){ref-type="fig"}), while *S* ~21~ is measured with the reference antenna in air connected to port 1 and the antenna in cement paste samples connected to port 2 (see Fig. [5b](#Fig5){ref-type="fig"}). The data plot of the *S* ~11~ was captured and the frequency range of 2 to 3 GHz are displayed where the resonance frequency can be seen, together with the bandwidth and *S* ~11~ values. The *S* ~21~ measurement compares the amount of RF energy that can pass into the materials. As the metaresonator arrays were simulated and optimized in the CST software for air, the *S* ~11~ and *S* ~21~ characteristics of the embedded metaresonators were shifted away from the resonant frequency of channel 7 (2.442 GHz). This gives a good indication of the effects of the enhanced cement paste on an antenna in terms of the frequency shift. Therefore, using these two plots, a comparison to assess the effects of small resonator antennas when embedded in building materials with and without the use of particles can be performed.Table 3Types of particles, size, percentage by weight used and label.Sample typeSizePercentage by weightLabelMirco-sized magnetite\<5 $\documentclass[12pt]{minimal}
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